Abstract We describe a composite material for use in electrochemical oxygen reduction. A screen-printed electrode (SPE) was consecutively modified with electrodeposited copper, a Nafion membrane and electropolymerized polyaniline (PANi) to give an electrocatalytic composite of type PANi/Nafion/Cu 2 O/SPE that displays good electrical conductivity at neutral pH values. It is found that the presence of ammonia causes complex formation with Cu(I), and this causes electroreduction of oxygen to result in an increased cathodic current. The finding was applied to the quantification of ammonium ions in the 1 to 1000 μM concentration range by amperometry at −0.45 V (vs. Ag/AgCl). This Faradaic phenomenon offers the advantage of direct voltammetric detection, one of the lowest known limits of detection (0.5 μM), and high sensitivity (250 mA M −1 cm
Introduction
Ammonium ions are an essential part of the nitrogen cycle and the metabolic product of many substances [26] . As one of the waste product of the metabolism of animals, ammonium ions are of great biological importance [14] . Thus, monitoring of ammonium ion content of clinical and environmental samples is clearly important.
Among the different approaches for the ammonium ion quantification [24] , electrochemical detection offers the possibility of real-time monitoring in combination with the advantages of low cost, high sensitivity and selectivity, and independence of the sample color and turbidity. A variety of ammonium ion-selective electrodes has been developed [19] . To overcome most of the obstacles faced by potentiometric assays a number of laboratory prototypes of amperometric ammonium sensors have been developed with ion-selective components [23] and enzymes [3] .
Polyaniline (PANi) deposited on gold or platinum electrodes in association with negatively charged polyelectrolytes matrices, is robust, has high conductivity at room temperature and is very sensitive to ammonium ions [5] . However, PANiNafion composites formed on glassy carbon showed significantly lower sensitivity [7] . Hence, the mechanistic aspects of the amperometric detection of ammonium ions at conductive polymers are still unclear.
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The sluggish kinetics of the oxygen reduction reaction (ORR) is considered to be a major limiting factor in oxygenassociated energy conversion [27] in fuel cells. Precious metals are the most active catalysts for the ORR, s but have the serious drawbacks of high costs and susceptibility to poisoning. Considerable efforts have been expended on the development of non-precious metal catalysts, which can operate in the neutral media required for bacterial fuel cells. Conductive polymers are considered a viable alternative as inexpensive conductive catalysts for ORR, because of they have significant conductivities, operate in neutral media of microbial fuel cells [29] and are a source of heteroatoms [20, 28] .
We report the incorporation of copper into a PANi-Nafion composite to achieve ammonia-associated electrocatalysis of the ORR. The composite was utilized for direct quantification of ammonium. Consecutive film formation was monitored using electrochemical methods and surface characterization techniques. The appearance of a cathodic current in the presence of ammonium ions was used for ammonium quantification in human serum.
Experimental Materials
Copper nitrate, 5 % Nafion® perfluorinated resin solution, hydrochloric acid, nitric acid, sodium chloride, KH 2 PO 4 , Na 2 HPO 4 , aniline (99 %) ethanol, urea, creatinine (anhydrous), bovine serum albumin (BSA) (fraction V, 96 %) were purchased from Sigma-Aldrich (Germany; www.sigmaaldrich. com). Aniline was redistilled before use. Ammonium chloride was purchased from Fluka (www.sigmaaldrich.com). All the chemicals and solvents used were of analytical-reagent grade and used without further purification. 20 mM phosphate buffer (prepared by mixing and diluting 20 mM disodium hydrogen phosphate, 20 mM potassium dihydrogen phosphate and 20 mM sodium chloride) pH 7.4, was used as the supporting electrolyte during all the electrochemical measurements. All solutions were prepared using 18.2 MΩ ⋅ cm purified water produced using a Simplicity water purification system from Millipore (www.merckmillipore. com). All glassware and polyethylene materials were rinsed with ultrapure water and dried before use.
Apparatus and procedures

Electrochemical measurements
Electrochemical experiments were carried out using a portable potentiostat μStat 400 DropSens (Spain, www.dropsens.com) and screen-printed electrodes (SPE), consisting of an integrated working electrode (diam. 4 mm), a carbon counter electrode and an Ag/AgCl reference electrode (C110, DropSens, Spain). All electrochemical measurements were performed at room temperature and in the presence of chloride ions in the supporting electrolyte. , 10 cycles). The PANi-Nafion-Cu-modified SPE was then rinsed thoroughly with distilled water and dried in air for 15 min. Prior to use, the electrodes were soaked in phosphate buffer for 30 min at room temperature to equilibrate the sensing composite. The sensor response to ammonium ion concentration was taken as the average of three separate measurements.
Surface analysis
The surface morphology of the modified electrode surface at all stages was examined using SEM (JEOL JSM 6390 LV) over a range of magnifications and accelerating voltages (both backscattered and secondary images). The identity of each element in all the samples was confirmed by EDX. Photoemission experiments were carried out using a Scienta ESCA 200 spectrometer in ultrahigh vacuum with a base pressure of 10 −10 mbar. The measurement chamber was equipped with a monochromatic Al (K alpha) X-ray source providing photons with 1486.6 eV for XPS (X-ray photoemission spectroscopy). The XPS experimental condition was set so that the full width at half maximum of the clean Au 4f7/2 line was 0.65 eV. All spectra were collected at a photoelectron takeoff angle of 0°(normal emission) at room temperature.
Ammonium quantification in human serum
Venous blood (2 mL) was collected in heparinised cold tubes from healthy volunteers and patients with chronic kidney and liver diseases (Kyiv Research and Practice Center of Nephrology and Hemodialysis, Ukraine). The tubes were centrifuged at 1500 g for 10 min and cell-free supernatant removed. All serum samples were kept cold in an ice box during the time between collection and measurement. The assay of ammonium in the serum samples was performed by amperometry at −0.45 V in unstirred solution. An aliquot of the serum sample was directly injected into the measuring vessel in order to obtain a 100-500 fold dilution. Reference data on ammonium concentration were obtained from a commercial laboratory by the standard colorimetric assay (glutamate dehydrogenase with α-oxoglutarate and NAD(P)H).
Results and discussions
Composite assembly Figure 1a shows the voltammetric response obtained on continuously cycling in solutions of Cu 2+ nitrate. The cathodic currents observed at the starting potential of −0.9 V represent the formation of reduced copper compounds onto the electrode surface. Subsequent anodic sweep is characterized with the appearance of anodic peaks of current, which corresponds to the formation of Cu 2+ ions from the adsorbed precursors. Continuous cycling led to an anodic shift of the observed peak, which indicated a change in the electrode surface properties. The backward scan shows the appearance of a reduction wave of metallic copper formation [6] . The change of electrode surface morphology due to modification was confirmed with SEM (Insets of Fig. 1a) , while the transformation of chemical composition was observed with EDX ( Fig. 1SB) and XPS (Fig. 2S) . The pristine SPE surface exhibited high roughness. The uniform distribution of particles with diameters up to 100 nm, as well as their aggregates, was visible on the modified SPE surface. The copper electrodeposition process was stopped at the cathodic limit, which corresponded to the presence of metallic copper on SPE surface. The presence of copper species was confirmed by XPS (Fig. 2S ) and by visual observation as a color change from the mat black of pristine SPE, to the dark orange-brown of modified SPE and modified ITO-coated glass slides (data not shown).
As soon as the contact of Cu 2+ ions with aniline causes the uncontrolled polymerization as manifested by the appearance of dark clouds in the bulk of solution (data not shown), the Cu 2 O-modified electrode was covered with Nafion film by drop casting. The presence of the Nafion film ensured the stability of the composite-modified electrodes [13] . The Nafion coating provides a cation exchanger with immobilized sulfonate groups that impede the diffusion of anions. The redox processes of Nafion-coated PANi or polypyrrole films were shown to be accompanied by cation diffusion, as opposed to anion mass transport in the case of plain polyaniline or polypyrrole films which offers improved selectivity towards cations in the presence of anions [13, 16] . After drying the film, the modified electrode was treated by electrochemical polymerization of PANi in aqueous acidic media (Fig. 1b) . The anodic scan of the first cycle was characterized by a small and sharp peak of oxidation at −0.12 V, assigned to silver contamination from the integrated reference electrode, followed by a large peak of monomer oxidation at 0.9 V. The backward scan was characterized by a nucleation loop, probably due to a new phase formation, followed by a broad reduction peak. Subsequent voltammetric cycling led to the appearance of two redox processes at 0.2 V and at 0.5 V, indicated by a slight increase in the peak currents, which reflected the growth of composite PANi onto the Nafion-Cu-modified SPE, and was confirmed visually by a color change to dark green of the PANi-modified SPE. The electrode modification with PANi was confirmed by SEM (Inset of Fig. 2b) , XPS (Fig. 3S) and EDX (Fig. 1SD) .
Electrochemical polymerization on a copper-free Nafionmodified SPE led to the appearance of the 'classical' PANi voltammetry pattern (Fig. 4S) , which was confirmed by SEM (Insets of Fig. 2S ) and characterized by the same value of ). The copper-free PANi had low sensitivity towards ammonium ions. The presence of copper during the PANi growth led to significant changes in the polymer properties. The first voltammetric forward scan during electropolymerization at a copper-modified SPE, produced up to six times larger currents in comparison with copper-free polymerization (Fig. 5S) . This effect might be associated with the electrocatalytic polymerization of aniline initiated by Cu (II) and Cu (III) ions. These ions are strong non-specific oxidizers for organic molecules and always appear in the course of the oxidation of copper, as well as copper-containing modified electrodes, at high anodic potentials [4] . To this extent, the protocol of polymerization onto the copper-modified electrodes utilized opens up the possibility of PANi electropolymerization under conditions of catalysis by Cu (II) and Cu (III) ions.
The stepwise electrode modification was studied by voltammetry (Fig. 1c) and electrochemical impedance spectroscopy (EIS, Supporting Note 1) at pH 7.4. The copper-modified SPE showed the appearance of a sharp cathodic peak (−0.47 V) accompanied with a broad anodic peak (−0.22 V), assigned to copper deposition in the presence of the chloride anion [8] and a copper-stripping electrode process [25] , respectively. An insignificant change in the electrode surface area during the first stage of the composite assembly was observed with EIS ( Fig. 6S) , which excludes mass transport enhancement of the subsequent electrochemical stage of assembly.
Subsequent electrode modification with a Nafion film led to the suppression of the cathodic peak current. This was attributed to copper deposition accompanied by a 150 mV anodic shift (Fig. 1c) , and a significant change in the capacitive properties of the SPE (Fig. 6SB) , due to the decrease of local pH in the presence of the anionic polymer film. The PANimodified electrode showed full suppression of all electrode reactions, due to the poor conductivity of the polymer, in neutral media (Fig. 1c) . However, the presence of Faradaic processes within the PANi leading to a further increase of capacitance is distinguishable with EIS. These observations illustrate the maintenance of low conductivity within the PANi-Nafion-Cu-composite at pH 7, due to the Faradaic process of PANi.
Amperometric ammonium ion sensing
The addition of ammonium ions to the phosphate buffer lead to the appearance of a voltammetric response in the form of an increase in both the cathodic and anodic currents of the PANicomposite (Fig. 2a) .
Amperometry at −0.45 V was utilized for measurement of the response to an increase of ammonium concentration at the PANi-Nafion-Cu-modified electrode (Fig. 2b) . A consistent increase in the cathodic current was observed as a result of increased ammonium ion concentration. An amperometric study in de-oxygenated buffer revealed only slight increases in the cathodic currents upon addition of ammonium ions (Fig. 7S) , illustrating the involvement of oxygen in the observed cathodic currents via ORR electrocatalysis and pointing out the possible limitation of the method as a response dependence on oxygen content. This phenomenon facilitated the elucidation of the mechanism behind the observed amperometric response. Cathodic polarization up to −0.7 V led to the appearance of a copper deposition peak (data not shown) facilitated by chloride anions [8] . The lower cathodic polarization (−0.45 V) used for the amperometry measurements leads to the appearance of species containing Cu (I) [9] . The addition of ammonium ions resulted in the formation (2), PANi-Nafion-modified (3) and blank (4) SPE of a complex between Cu (I) and neutral ammonia (pK a 9.24), which is easily oxidized by dissolved oxygen to Cu (II) [17] with subsequent electrochemical reduction back to Cu (I), observed as a cathodic current increase. Four electron reduction of oxygen down to water [2] illustrates the high reactivity of the Cu (I)-based catalyst. In other words, ammonia complex formation triggers an ORR at the Cu (I)-based species, which in turn, acts to enhance the binding. The whole process is explained in terms of ammonia-associated ORR electrocatalysis, as illustrated in Scheme 1. EIS studies of the observed ammonium response of PANiNafion-Cu-modified electrodes did not show a significant change in the film conductivity (data not shown), which excludes the possibility of additional doping of PANi by the proton released due to the neutral ammonia complex formation, and supports the faradaic origin of the amperometric response observed. However, the complete mechanism underlying the high sensitivity of the Cu (I)-based catalyst towards ammonium ions is still unclear and the role of PANi and Nafion in this process should be further investigated.
Due to the Faradaic origin of the response obtained at the electrocatalyst, only a slight pH effect was observed (Fig. 8S) , which shows the advantage of direct quantification in comparison with potentiometric ammonium ion electroanalysis, which is significantly affected by pH changes.
The analytical performance of the ammonium sensor was evaluated and showed good operational stability. Fast changes in current upon ammonium concentration increase were preceded by a slow component for 20-30 s, until a steady-state current was achieved. The calibration curve obtained from amperometry at PANi-Nafion-Cu-modified electrodes under optimized conditions showed a linear range from 1 to 150 μM, a sensitivity value within the linear range of 250 ± 10 mA M −1 cm −2 and a dynamic range 1-1000 μM (Fig. 2c) . The limit of detection assessed as 3 × SD/sensitivity, was 0.5 μM. The electrode surface modification delivered high reproducibility as measured by the response of the individual sensors. The sensor had high stability, demonstrated by 95 % retention of sensitivity over one year of storage at room temperature. Subsequent washing with pure buffer led to the recovery of the observed electrocatalytic activity. This is consistent with the entrapment of the inorganic electrocatalyst via Fig. 3 Comparative ammonium quantification in human serum. The ammonium ions concentration was estimated by the amperometry with the sensor and by the standard spectroscopy-based method a stable complex formation within the polymer environment and probably a smaller stoichiometric ratio between oxygen and ammonia, than presented in the Scheme 1.
Both the Cu-modified SPE and the copper-free PANi composite showed significantly lower sensitivities for electrochemical ammonium ion detection (18.4 ± 1.4 mA M −1 cm −2 and of 5.95 ± 0.8 mA M −1 cm −2 respectively), which illustrates the crucial contributions of all the components in the active electrocatalyst assembly.
Comparison of the analytical performance of the ammonium ion sensor with systems described in the literature (Table 1S) shows that the sensor possesses several advantageous characteristics. It provides a combination of the highest sensitivity with one of the lowest limits of detection and has a wide linear range that meets the requirements for an assay for ammonium levels in humans.
The effects of some possible interfering biological compounds on the elaborated ammonium sensor were also investigated (Fig. 9S) . The amperometric responses to ammonium ion showed 4-5 % retention in the presence of 0.1 % BSA in phosphate buffer. The excessive presences of model primary amines (creatinine (pK a 5.02), urea (pK a 0.1) and their mixtures) showed negligible response (significance level 5 %), which, probably, illustrates the composite selectivity towards cations (Table 1) .
Real sample analysis
The ammonium ion sensor was used for the quantification of ammonium in serum samples of healthy donors, cirrhosis and kidney disease patients. Ammonium ion concentrations were measured using the standard addition method (Fig. 10S) with different SPEs modified with the PANi-Nafion-Cu composite (RSD = 4 % for n = 3). The data obtained showed a good correlation (R = 0.999) with the standard method for ammonium measurement based on spectroscopy (Fig. 3 ) with an RSD of 1 %. The ammonium ion concentration in serum of healthy donors was 3.5 and 15 times lower than in the serum of kidney disease and cirrhosis patients, respectively. The results obtained demonstrate the potential of this ammonium sensor for measurements in serum and the possibilities for further development of analytical devices for distributed diagnostics and environmental analysis.
Conclusions
An amperometric sensor for ammonium quantification has been elaborated using an ORR catalyst based on PANi in combination with copper. The electrochemical polymerization of PANi, in the presence of copper ions attached to the electrode surface by Nafion membrane, yielded a polymer composite sensitive to ammonium ions, which was characterized via electrochemical and physical methods. The specific amperometric response to ammonium ions observed at the composite-modified electrode was attributed to ammoniaassociated ORR catalyzed by copper centers within the film. The sensor exhibited enhanced analytical performance over previously reported devices and was successfully utilized for ammonium quantification in human serum samples.
